This paper focuses on the engineering procedures governing the synthesis of tungsten oxide nanocrystals and formulation of printable dispersion for electrochromic applications. By that means, we aim to stress the relevancy of proper design strategy that results in improved physicochemical properties of nanoparticle loaded inks. In the present study inkjet printable nanostructured tungsten oxide particles were successfully synthesized via hydrothermal processes using pure or acidified aqueous sol-gel precursor. Based on proposed scheme, the structure and morphology of nanoparticles were tailored to assure their desired printability and electrochromic performance.
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Introduction
One of the most active trends in material science is the development of inorganic nanoparticles with structural, electrical and optical properties tailored to the specific application. Features of those nanostructures are equally as important as their processability, enabling thin film formation with desired structure and morphology. The combination of these two requirements implies a need for a set of engineering rules combining synthesis and deposition process into one consistent theory.
Some attempts have been made to deposit previously synthesized nanoparticles (NPs) in order to form an electrochromic (EC) film via drop-casting, 1 dip-coating 2 or electrophoretic deposition. 3 In other studies, tungsten oxide nanostructures (WO X ) were grown directly on TCO glass substrate by crystal-seed-assisted hydrothermal synthesis. 4, 5 However, obtaining a uniform EC film with good adhesion to the substrate still remains a challenge. Nanostructured WO X and its hydrates (WO X ·aH 2 O, a{1, 1/3, 2}) are an important class of materials due to their electrochromic, 4 ,1 photochromic, 6 photochemical, 7 energy storage 8 and sensing [9] [10] [11] [12] properties. Many different approaches have been implemented in order to develop these material using physical vapor deposition (PVD) and wet chemical methods. 13 In recent years, there has been an increasing interest in developing solution-based methods as they offer better control of material morphology while being much less expensive in implementation.
From the vast number of existing wet chemical synthesis routes, hydrolysis, condensation, etching and oxidation are the four most relevant. 13 Products of these syntheses which form WO X polymorphs such as monoclinic, 14 orthorhombic, 2 cubic 15 and hexagonal 16, 17 have been reported to exist in various morphological structures depending on precursor composition and process parameters. The impact of crystallographic structure and morphology of WO X NPs on EC performance have been identified as relevant due to the possible improvement in charge density, coloration efficiency and switching time compared to their amorphous and crystalline counterparts. 18 A size reduction in nanoscale regime also improves chemical, physical, optical and electrical properties due to their large surface area, strong surface adsorption and enhanced band gap.
Among all wet chemical syntheses, hydrothermal treatment seems to be the less complex, cost-effective and well-studied technique, which additionally offers flexibility in possible nanomorphologies. In most studies, precursor for nanostructured WO X hydrothermal synthesis contain peroxopolytungstic acid (PTA), 19, 20 However, particular attention should be paid to the composition of precursor and processing conditions to get desired microstructure, which would guarantee good performance of EC films.
As it was previously reported by our group, 27,26 the advent of novel wet deposition techniques such as IPT has led to new possibilities in the field of thin solid films based on nanocrystalline metal oxides (MO X ). It was demonstrated that the application of IPT for deposition of MO X dispersion provides an excellent method for the production of inorganic thin films with controlled composition and microstructure for electrochemical devices, such as dye-synthesized solar cells and EC windows/displays.
Nanocrystalline film is a special category assigned to polycrystalline layers of NPs. Furthermore, the NPs forming the film can be either sintered (mesoporous) or embedded in an amorphous matrix (dual-phase). Figure 1 gives a generalized overview presenting both kinds of NPs loaded printed films for electrochemical applications.
From the broad range of available film morphologies used typically in electrochemical applications, 28 only these two are so far feasible in a printing process. To assure the desired electrochemical performance and processability, the criteria for NPs size, crystallinity, morphology as well as the uniformity and agglomeration mechanism are given in following sections, providing recommendations on each major technological step and determine constraints, for the application of NPs in printed dual-phase EC films (see Section 1 in Supporting Information for strategy description).
Materials and Methods

Synthesis of WO X sol-gel precursor
Peroxopolytungstic acid (PTA) was synthesized based on the procedure reported by Tetsuichi Kudo et al. 30 The tungsten metal monocrystalline powder (99.9 %, 0.6-1µm, Aldrich) was carefully added to 50 ml mixture (50:50) of distilled water (Millipore) and hydrogen peroxide (30 %, Sigma-Aldrich). The cooling was employed and the solution was kept slowly stirring in a refrigerator to prevent thermal changes due to the strong exothermic nature of reaction. The excess of tungsten powder was then removed by filtration (0.45 μm syringe filter, Roth) leading to a transparent solution. In order to remove the excess of the hydrogen peroxide, the solution was dried at 65 ºC and washed several times with distilled water. After drying, a water soluble WO 3 aH 2 O 2 bH 2 O orange crystal powder was obtained as final WO X precursor. The process was optimized to provide high quality of the product and to assure its repeatability by implementation of a very detailed protocol. In order to unify the input material for an ink formulation, products of many syntheses were mixed and grinded together. As the PTA crystals are known for their instability, the final product was stored at low temperature (-18 C).
Hydrothermal synthesis of WO X NPs
For the hydrothermal synthesis, 0.4 g of previously synthesized PTA was dissolved in HCl (37%, Merck) aqueous solution. The final solution was transferred to 23 ml PTFE chamber, set inside a stainless steel autoclave (4745 general purpose vessel, Parr) and installed in the oven (L3/11/B170, Nabertherm) at 180 C.
Approximate value of pressure inside the autoclave during the hydrothermal synthesis is 
Ink formulation and printing process
The production of dual-phase a-WO 3 /WO X films were performed in two separate depositions. Firstly, nanostructured WO X was used in a form of aqueous 
Characterization
The 
Results and discussion
Structure, morphology and printability of synthesized WO X NPs
There are only few studies reported in literature wherein the effect of various reaction parameters on crystalline structure and morphology of NPs leading to variations in EC performance have been described. In order to reduce the complex visual information contained in SEM images to easily interpretable quantitative information, the micrographs shown in Figure 3 can be presented in a form of histograms as shown in Figure 4 . The dimensions were estimated by measuring the size (length) of randomly selected particles in enlarged SEM images.
Such analysis of the SEM micrographs revealed discrete histograms shown in Figure 4a , 4c and 4e, to which Gaussian curves were fitted to present continuous particle size distribution. Synthesized NPs must comply with size limitation in order to allow its usage in inkjet printable inks. It can be assumed (with some exceptions e.g. nanowire alignment in a microfluidic flow 36, 37 ) that the maximum particle size should be 50-100 times smaller than nozzle diameter. According to the print-head specification (Canon Thermal DOD FINE TM ) used in Canon PIXMA IP4850 printer, the nozzle diameter is 9 µm.
Therefore, not all nanostructured products obtained in experiments comply with size limitations (particle size ≤ 180 nm), even when assuming that agglomeration does not occur (see Figures 4a, 4c and 4e) . Based on plots shown in Figure 4b , 4d and 4f it is possible to conclude that nanorods synthesized from non-acidified precursor and PTA dissolved in 0.3 M HCl are printable in 100 % and 48 %, respectively (under assumption of uniform size distribution of agglomerates, and cluster size not exceeding 15 NPs). Nanoplates synthesized from non-acidified precursor are not printable at all, and only 17 % of the ones synthesized from PTA dissolved in 3 M HCl are capable to pass the nozzle. Therefore, NPs agglomeration has dramatic influence on nanostructure printability in case of nanoplates and nanoslabs, while in case of nanorods and nanowires seems to not be that relevant. Thus, the major concern is associated with the nanoplates, as they are relatively large in size and tend to agglomerate significantly exceeding size limitation for this particular Canon printing system. These results indicate that the use of appropriate acidity of the precursor influences the nucleation and growth of WO X NPs under hydrothermal conditions, and thus the product may be tailored to specific sizes and shapes.
There are two critical requirements for ink in the area of printed electronics.
Firstly, the ink must ensure reliable print under deposition conditions. Secondly, printed film must display required functional performance. In general, NPs loaded inks are two phase fluids consisting of a dispersion of nanocrystals in a liquid carrier (aqueous or organic), so-called vehicle. The viscosity of such suspension depends on the NPs volume fraction, their shape expressed usually by aspect ratio (length/width) as well as particle orientation in a fluidic flow, which may imply critical consequences especially when the printing process is concerned. 38 Thus, the development of printable functional inks is strictly reliant on the development of nanoparticles. Thereby, the key issue is to synthesize product with morphology tailored to assure desired physical properties of its suspension, on which several constraints are imposed. Typically, 
Film morphology
The fabrication of inkjet printed EC films were performed via two separate depositions, according to the diagram presented in Figure 6a . Figure 6b in which nanowires are randomly dispersed in a single level pattern embedded in continuous amorphous film. 
Electrochromic response of inkjet printed films
According to the electrochromism theory, the mechanism of optical modulation is different in crystalline and amorphous phase. In nanocrystalline WO X electrochromism arises due to the increasing Drude type (metallic) reflection, observed especially in IR region with increasing free electron/lithium injection. 39 On the other hand, in amorphous phase, the most widely accepted model assumes that the optical modulation upon the double injection occurs through increasing absorption arising from the transfer of localized electrons between W 5+ and W 6+ sites, so called small polaron absorption. [40] [41] [42] Figure 6c and 6d show generalized mechanism of electrochemical reaction in EC device based on dual-phase film for coloring and bleaching, respectively.
It is assumed that EC WO 3 film in transparent state can be switched reversibly to a colored state by both insertion of ions and electrons to form tungsten bronze (a-Li y WO 3 ,
where y is the fractional number of sites filled in the WO 3 lattice). Although being an obvious oversimplification, presented schemas provide very convenient background for further discussion on a-WO 3 /WO X electrochemical performance. In considered device structure, an EC film is in contact with ion (Li + ) conductor, which also serves as ion storage. Two electron (e -) conductors serve for setting up the distributed electric field.
Operational voltage shuttles ions into and out of the film causing coloring (a-Li y WO 3 )
and bleaching (a-WO 3 ) action, respectively. Nanostructured WO X is more conductive for e -and less conductive for Li + ions when comparing to a-WO 3 . Therefore, the highest density of optically active centers is in the interface between WO X and a-WO 3 , where electrons meet ions leading to the formation of a-Li y WO 3 . Despite slower Li + diffusion in crystalline medium, some ions cross the grain boundary and get trapped into the crystalline structure of NP, due to the existence of imperfections.
Nanocrystalline or NPs loaded dual-phase films provide a high surface area for electrochemical reaction, effective diffusion of ions into the interface/surface, high transparency in a visible range and sufficient electronic conductivity. Ion-intercalation reaction is strongly dependent of chemical and crystallographic structure of MO X , while ion diffusion coefficient and the length of diffusion path depend on NPs microstructure. 43, 44 The smaller NPs dimensions, the shorter diffusion path length. On the other hand, high electronic conductivity of crystalline phase leads to the enhancement in lithium ion diffusion rate. The electronic conductivity of stable WO X NPs was reported to be the highest for orthorhombic hydrate (ortho-WO 3 ·0. and hexagonal (h-WO 3 ) structure, respectively. 33 The high charge carrier concentration in anhydrate WO 3-y (0  y  3) is explained by non-stoichiometry, where the free electrons are balanced by much less mobile oxygen vacancies. Both, conduction phenomena assure efficient charge compensation during the redox process and hence improve switching kinetics of EC films. When size of NPs dispersed in a film decreases, the trapping and scattering effect of free charge carriers on grain boundaries lead to higher film resistivity. If the size of NPs is smaller than electron mean free path, the scattering on grain boundaries dominates and the advantage of dual-phase composition is becoming negligible.
Quantitative EC response analysis is based on CA technique which is a squarewave potential step method coupled with optical spectroscopy used for analysis of switching kinetics and contrast of the film. The electrochemical cell consisting of working electrode (printed film on ITO PET substrate) and platinum wire used as counter electrode was filled with lithium based gel electrolyte prepared according to the recipe described elsewhere. 32 Resulting cell was driven by power supply in order to induce EC modulation in a linear stair pulse mode (from -2 V up to 2 V in a 0.5 V step, kinetics is observed to be slower than bleaching kinetics for all the films under investigation, which stays in agreement with the well-defined, but different mechanism governing the two processes. While the exchange of the current density at the EC filmelectrolyte interface controls coloration kinetics, the space charge-limited Li + ion diffusion current governs the bleaching time. 41 Presented results shows beneficial impact of WO X NPs on EC performance of printed films, reflected in 2.5 times higher optical modulation, and 2 times faster coloration time, when comparing with pure amorphous film. Such improvement is mainly attributed to higher interface between amorphous and nanocrystalline phase, as well as between MO X layer and ion conductor. The impact of NPs selection on reversibility of printed dual-phase EC films is demonstrated in Figure 8 , which represents so called site saturation effect. 45 When the operational voltage exceeds a certain value, the transmittance of the bleached films is markedly lower than its value before coloration which means that the device does not bleach completely (T ss > 0). preferable regime for EC applications based on inkjet printed inorganic films and factors for best performing material in present studies were also plotted
The rules formulated in the present studies relate to WO X engineering for EC applications, but it should be noted that the same constrains are applicable for other applications based on this material. Therefore, the versatility of this method makes it an ideal tool for creating materials with predictable and controlled properties, while maintaining their good processability via IPT.
Conclusions
In this paper, the morphology evolution of WO X NPs has been successfully controlled by acidity level of sol-gel precursor under hydrothermal conditions. In order to evaluate EC properties of developed NPs, dual-phase films deposited via IPT has been investigated showing higher values of transmission modulation over the visible and near infrared regions as compared to the poor EC performance of amorphous films.
Films containing synthesized NPs exhibit 2.5 times higher optical modulation, and 2 times faster coloration time, when comparing with pure amorphous film. Such improvement is mainly attributed to the increased hydration of the structure, and higher interface between amorphous and nanocrystalline phase, as well as between WO X layer and ion conductor. Moreover, the presence of orthorhombic NPs improves kinetics of intercalation and deintercalation mechanisms and significantly reduces the deleterious site saturation effect improving reversibility of EC action. The conductive network of interconnected WO X NPs facilitates charge transport in the EC layer and increases significantly the active surface area of the amorphous matrix. Therefore, the impact of synthesized NPs structure and morphology on EC performance has been identified as
crucial. These results demonstrate that combination of IPT with controlled synthesis of NPs provide an excellent method for the production of inorganic chromogenic films with controlled composition and dual-phase microstructure for a low temperature, direct-write fabrication of high-performance EC devices. It is evident that described approach not only leads to a significant improvement in EC performance, but also meets the challenges encountered when using synthesized WO X NPs in a printing process. By following the presented strategy for EC tungsten oxide, it is possible to correlate the synthesis parameters with further technological processes leading to the application of those nanomaterials in high-performance electrochemical devices.
Presented engineering rules for NPs synthesis and ink formulation have to a large extend, universal character and may be implemented to other electrochemically active inkjet printed films used as e.g. counter electrodes, cathodes in thin film batteries, sensing films, etc. The versatility of this approach makes it a useful guide in the development of materials with predictable and controlled properties while maintaining their good processability via IPT.
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